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Abstract 


13.  A  polyvinyl  alcohol  sponge  was  implanted  in  mouse  subcutaneous  tissue 
to  investigate  two  treatments  [intermittent  hyperoxia  (100%  ojQ^en  for  90 
mins  twice  a  day  at  250  kPa)  and  epidermal  growth  factor  (EGF)  ]  vJiich  may 
modulate  fibroblast  infiltration.  oonditicmis  were  established  for 
treatment:  exposure  of  animals  to  chronic  hypoxia  (12%  oxygen  for  23 
hr/day) ,  simulating  lew  oxygen  tensions  in  problem  wounds,  and  normoxia 
(21%  oxygen) .  In  experiments  evaluating  EGF,  sponges  were  implanted  viiose 
core  contained  EGF  covered  with  a  slew  release  polymer,  the  other  group 
with  placebo.  Sponges  were  harvested  at  15,  25,  or  32  days  after 
iirplantation.  Ihe  area  of  the  disc  infiltrated  by  fibroblasts  was  measured 
by  planimetry.  After  32  days  ejposure  to  hypoxic  conditions  (7  days  before 
sponge  implantation  and  25  days  after)  EGF  sli^tly  ineneased  (NS)  the  area 
of  fibroblast  infiltration  compared  to  placebo  under  both  hypoxic  and 
normoxic  conditions.  No  significant  differences  were  observed  between  the 
hypoxiccilly  cxxiditioned  grexps  and  normoxic  controls.  Neither  chronic 
hypoxia  cilcxe  nor  chronic  hypoxia  with  internd-ttent  hyperbaric  oxygen 
aeJministered  21-32  days  after  disc  iirplantation  affeerted  the  area  of 
fibroblast  infiltration.  EGF  significantly  increased  the  area  of  the 
fibrous  cepsule  around  small  PVA  sponges  after  15  days  under  normoxic 
cxDnditions. 


1.  Cfeiectives 


This  study  examined  the  effects  of  hypoxic  conditioning,  hyperbaric 
oxygen  treatments,  and  ^idermal  growth  factor  achitmistration  on  the  rate 
of  fibroblast  infiltration  into  a  polyvinyl  alcohol  (FVA)  sponge  model  of 
wound  healing  using  mice.  Ihe  specific  objectives  were  as  follows: 

a)  Determine  the  effect  of  hypoxic  conditioning  on  fibroblast 
infiltration  into  the  PVA  sponge  model. 

b)  Determine  vhether  hyperbaric  oxygen  therapy  altered  the  effects 
of  hypoxic  conditioning  on  fibroblast  infiltration. 

c.  Determine  vhether  the  effects  of  qpidermal  growth  factor  (EGF) 
on  fibroblast  infiltration  would  be  altered  by  hypoxic  conditioning. 

It  was  the  original  intention  of  the  protocol  to  directly  measure 
the  extent  of  neovascularization  into  the  PJA  sponge.  It  was  decided  that 
measuring  fibroblast  infiltration  into  the  sponge  and  using  it  as  an 
indirect  measure  of  neovascularization  was  a  more  accurate  and  objective 
quantification  of  response  of  the  wound  healing  model  than  actually 
measuring  the  extent  of  infiltration  of  individual  vessels.  Also  the  area 
of  fibroblast  infiltration  was  felt  to  be  a  better  ei^jerimental  analogue  of 
granulation  tissue  in  a  wound  and  thus  more  relevant  to  wound  healing  than 
measurement  of  the  infiltration  of  individual  vessels. 
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Originally  we  planned  to  use  the  microcirculatory  drug, 
pentoxi^lline,  to  examine  interactions  with  hypoxic  conditioning  and 
hyperbaric  oxygen  therapy  with  mice.  Because  of  recent  experimental 
findings  we  decided  ^idermal  growth  factor  was  a  more  promising  agent  for 
wound  healing  treatments  and  we  used  it  in  place  of  pentoxifylline  to 
examine  interactions  of  wound  heeiling  with  hypoxic  conditioning  and 
hyperbaric  oxygen  treatments. 

2.  Findings 

A  ccnprehensive  statement  of  the  research  can  be  found  in  the 
appendices.  Ihe  major  findings  of  this  study  are  summarized  as  follows: 

1)  C3onditioning  of  mice  to  a  hypoxic  environment  did  not  effect  the 
extent  of  fibroblast  infiltration  into  the  polyvinyl  alcdiol 
sponges. 

2)  Hyperbaric  oxygen  exposures  did  not  alter  fibroblast 
infiltration  in  hypoxiccilly  conditioned  animals. 

3)  Epidermal  growth  factor  sli^tly  increased  the  extent  of 
fibroblast  infiltration  in  hypoxically  conditioned  animals  and 
controls. 

4)  Epidermal  growth  factor  significantly  increased  the  area  of 
fibrous  capsule  around  the  PVA  sponge. 
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5)  Hypcsxic  omditicning  reduced  subcuteneous  tissue  oxygen  levels. 
Whether  mice  were  acutely  ej^xssed  or  chrcaiically  ocxiditioned  to 
hypoxia  subcutanecus  tissue  oxygen  levels  were  approximately  half 
that  of  normoxic  ocffitrols.  No  difference  was  seen  between 
subcutaneous  tissue  oxygen  tensicarjs  of  mice  exposed  to  the  hypoxia 
for  10  min  ccnpared  to  10  days. 

3.  Presentations  and  Publications. 

17  J^ril  1991.  Side  presentation  given  to  the  professional  staff  of  the 
Armed  Forces  Institute  of  Pathology. 

2  October  1991.  Publicaticxi  of  abstract  (Appendix  A)  cind  poster 
presentation  delivered  to  a  meeting  of  the  American  Physiological  Society 
held  in  San  Antonio,  TX.  Criswell  DW,  Mehm  VtJ.  Effect  of  hyperoxia  and 
epidermeil  growth  factor  on  fibrobleist  infiltration  and  neovasculeurization. 
Physiologist  1991; 34: 256. 

27  January  1992.  Abstract  (^pendix  B)  submitted  for  a  slide  presentation 
to  be  delivered  at  the  meeting  of  the  Ifridersea  and  Hyperbaric  Medical 
Society  23-27  Jun  1992  at  Bethesda,  MD. 

27  January  1992.  Research  paper  (^jpendix  C)  in  final  pr^aration  for 
submissicx\  to  the  Journal  of  Hypertar ic  Medicine.  TWo  additioral  papers 
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are  in  pr^jaraticxi  for  sutrdssicxi  to  jounvils.  One  will  be  the  work 
presented  in  the  abstract  in  i^^pendix  B  ocxTceming  tissue  oxygen 
measurements  and  will  be  submitted  to  the  "Journal  of  Hyperbaric 
Medicine".  Another  will  concern  the  effect  of  hypoxic  conditioning  and 
^idermal  grcwth  factor  on  fibroblast  infiltration  into  FVA  sponges  in  rats 
and  will  be  sutandtted  bo  the  joumeil  "WOunds". 

4.  Appendices. 

Appendix  A  -  Abstract  of  poster  presentation  delivered  at  the  1991 
meeting  of  the  American  Hiysiological  Society  and  publi^ed  in  the 
Fhysiologist  1991; 34: 256. 

^pendix  B  -  Abstract  submitted  for  the  1992  meeting  of  the  Undersea 
and  Hyperbaric  Medical  Society  23-27  June  1992  in  Bethesda,  MD. 

i^jpendix  C  -  Research  paper  prepared  for  submission  to  the  Journal 
of  Hyperbaric  Medicine. 
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EFFECT  OF  HYPEROXIA  AND  EPIDERMAL  GROWIH  FACTOR  W 
FIBROBIAST  INFILTRATICN  AND  NEOVASCUIARIZATIC*!.  D.W. 
Criswell*  and  W.J.  Mehm.  Armed  Forces  Institxrte  of 
lithology,  Washingttsi,  DC  20306. 

A  polyvinyl  alcohol  sponge  disc  (13inm  diameter)  was 
inplanted  in  mouse  subcutaneous  tissue  to  investigate  two 
treatments  [epidermal  growth  factor  (EOF) ,  and  intermittent 
hyperoxia  (100%  oxygen  for  90  mins  twice  a  day  at  250  kPa)  ] 
which  may  modulate  neovascularization.  Two  cmditions  were 
establi^ed  for  treatment:  ea^xDsure  of  animals  to  chronic 
hypoxia  (12%  oxygen  for  23  hrs/day) ,  simulating  lew  oi^rgen 
tensions  in  problem  wounds,  and  normoxia  (21%  oxygen) .  In 
e^q^eriments  evaluating  BGF,  discs  were  implanted  whose  core 
contained  EGF  covered  with  a  slow  releetse  polymer,  the  other 
grotp  with  placebo.  Discs  were  harvested  at  14,  25,  or  32 
days  after  implantation.  The  area  of  the  disc  infiltrated 
by  fibroblasts  was  measured  by  planimetry  and  used  as  an 
indirect  measure  of  neovascularization.  When  EGF  (20  ng) 
was  administered  for  14  days  under  hypoxic  and  normoxic 
conditions  no  effect  was  seen  cn  neovascularization. 

However,  after  25  days  under  normoxic  conditions  EGF 
sli^tly  increas^  (NS)  neovascularization  cotpared  to 
placebo  (24.8  mm^,  rT=7,  vs.  18.4  mm^,  n=10) .  Exposure 
of  chroniccLLly  hypoxic  emd  normoxic  animals  to  intermittent 
hyperoxia  between  21-32  days  of  disc  inplantation  without 
EGF  did  not  affect  of  neovascularization.  EGF  may  have  more 
IMPORTANT  potential  than  hyperoxia  in  promoting  neovascularization. 
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APPENDIX  B 


SUBCUTANEOUS  OXYGEN  TENSION  CHANGES  WITH  AHTERATiai  OF  AMBIENT  OXYGEN 
PRESSURE  IN  MICE.  D.W.  Criswell  amd  W.J.  Mehm.  Armed  Forces  Institute 
of  Pathology,  Washington  DC.  20306-6000 

The  objective  of  this  study  was  to  ascertain  changes  in  subcutaneous 
tissue  CQQ'gen  tensions  in  mice  vsed  in  an  experijrental  model  of  wound 
healing.  We  altered  tissue  oxygen  tensions  by  varying  the  airbient 
ooQ'gen  pressure  to  vhich  the  mice  were  e^qxxsed.  Anesthetized  mice  were 
e>^x3sed  to  12%,  21%,  and  100%  oxygen  at  an  airbient  pressure  of  100  kPa 
and  to  100%  oxygen  at  250  kPa.  Oxygen  tension  measurements  were  made 
with  a  Clark  type  ocrbinaticn  oxygen  electrode  encctsed  in  a  syringe 
needle.  The  syringe  electrode  was  inserted  throu^  the  skin  into  the 
subcutaneous  tissue  in  the  back  of  the  mouse  at  the  site  the  polyvinyl 
aLLcohol  ^xange  was  iirplanted  in  the  ejqjerimental  model.  Readings  were 
recorded  10  min  arfter  transfer  from  a  normoxic  to  a  experimental 
env:  conroent.  Subcutaneous  oxygen  tension  rose  with  increasing  airbient 
oxygen  pressure  as  listed  belcw. 


(kPa) 


(inmHg) 


12 

100 

19.0 

+ 

1.4 

21 

100 

34.8 

+ 

1.8 

100 

100 

93.8 

+ 

9.8 

100 

250 

529.0 

+ 

75.1 

To  determine  if  conditioning  mice  to  a  hypoxic  envirraiment  (12%  oxygen) 
resulted  in  any  difference  in  tissue  oxygen  tension  coipared  to  acute 
ei5X3sure,  we  ex^rosed  mice  to  12%  oxygen  for  12  days.  No  adaptive 
respcnse  Wcis  seen  to  the  conditioning  since  tissue  oxygen  levels  were 
not  significantly  different  between  mice  conditioned  to  hypoxia  (17.4  ± 
1.7  nrHg)  ccnpared  to  the  animals  acutely  eaqxjsed  to  the  hypoxia  (19.0 
+  1.4  itnHg) .  Using  a  sinple  ej^jerinental  technicjue  we  quantified  the 
oxygen  tensions  achieved  by  the  alteration  of  oxygen  pressures. 
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APPENDIX  C 


Effect  of  Hyperoxia  and  Epidermeil  Growth  Factor  on  Fibroblast 
Infiltration  into  Polyvinyl  Alcohol  Sponges  in  Mice 


D.W.  Criswell,  Maj,  USAF,  BSC  and 
W.J.  Mehm,  Maj,  USAF,  BSC 

Division  of  Altitude  and  Hyperbaric  Fhysiology 
Armed  Forces  Institute  of  Pathology 
Washington,  DC  20306-6000 


Running  Head:  Hyperoxia,  EGF,  and  Fibroblast  Infiltration 

Please  address  correspondence  to  Major  W.  J,  hiehm,  CEW-P,  Armed 
Forces  Institute  of  lithology,  Weishington,  DC  20306-6000. 

We  wish  to  thank  David  Nelson  and  Bemcuxi  Wilson  for  their 
techniccil  eissistanoe  with  this  project.  The  opinions  or 
assertions  are  the  private  views  of  the  authors  and  are  not  to  be 
construed  as  official  or  as  reflecting  the  views  of  the 
Department  of  the  Air  Force  or  of  the  D^iartment  of  Defense. 

This  work  was  funded  by  a  grant  from  the  Air  Force  Office  of 
Scientific  Research  #89-0543.  The  e>periments  reported  herein 
were  conducted  according  to  the  principles  described  in  "Guide 
for  the  Care  and  use  of  laboratory  Animals"  pr^iared  by  the 
Ccsnraittee  on  Care  and  Use  of  laboratory  Animals  of  the  Institute 
of  laboratory  Animal  Resources,  National  Research  Council,  U.S. 
Department  of  Health  and  Human  Services  Publication  No.  (NIH) 
85-23. 


Introduction 


Tissue  damage  often  results  in  discontinuity  of  the  bock's 
integument.  Ihe  body  must  try  to  r^jair  the  discontinuity  of  a  wound  by 
utilizing  existing  tissue  (wound  contraction)  or  forming  new  tissue  (scar 
formation) .  Both  oxygen  (1)  and  growth  factors  (2)  play  a  vital  role  in 
the  wound  healing  process.  Oxygen  is  specifically  required  by  the 
fibroblast  for  the  function  of  dioxygenase  enzymes  (3)  vhich  hydroxy  late 
proline  and  lysine  residues  before  extracellular  secretion  of  the  collagen 
molecule.  These  collagen  molecules  form  scar  tissue,  vhich  bridges  the 
wound,  and  cilso  form  fibers  vhich  provide  structural  si^^port  for  blood 
vessel  ingrowth  into  the  avascular  wound.  Growth  factors  are  secreted  by 
activated  macrophages,  platelets  and  other  cells  in  connective  tissue,  and 
are  responsible  for  increasing  the  proliferation  of  fibrc±ilasts  and 
endothelicil  cells  in  the  area  of  damaged  tissue  (4) .  These  fibroblasts 
and  endothelicil  cells  form  the  collagen  and  provide  the  vascularity  for 
the  tissue  ingrowth  into  the  avascular  cirea. 

Animal  experiments  shew  that  reduction  of  ambient  oxygen  decreases 
wound  closure  (5)  and  collagen  deposition  in  polyvinyl  alcchol  (PVA) 
sponges  (6) .  These  ejqjeriments  also  demonstrate  an  increase  of  wound 
closure  rate  and  collagen  deposition  with  increased  ambient  oxygen 
pressures.  Intermittent  hyperbaric  oxygen  administration  increases  wound 
closure  rate  in  hypoxic  wounds  but  not  in  normoxic  wounds  (7) .  Growth 
factor  administration  hcis  been  shewn  to  increase  collagen  deposition  in 
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PVA  sponges  in  animals  (8)  and  to  prcnote  healing  in  human  wounds  (9) . 

VJbund  healing  may  be  impaired  because  of  reduced  blood  perfusion 
(ischemia) ,  or  tissue  hypoxia.  These  phenonena  are  ocmmonly  seen  in 
humans  with  tissue  perfusion  problems,  such  as  microvascular  disease 
(10) .  The  lack  of  oxygen  at  the  wound  site  limits  healing  because  of 
reduced  collagen  d^x3sition  necessary  for  the  fonnation  of  scar  tissue  and 
new  blood  vessels  (11,12).  Ischemia  itself  may  be  responsible  for  tissue 
hypoxia  at  the  wound  site  and  may  cdso  limit  the  supply  of  nutrients  and 
inflammatory  cells  to  the  wound  area,  thus  impairing  tissue  repair. 
Therapeutic  intervention  by  elevation  of  the  inspired  oxygen  tension,  or 
the  exogenous  administration  of  growth  factors  attenpts  to  overcome  the 
deficiencies  responsible  for  the  non-healing  wound. 

Elevated  inspired  oxygen  tensions  and  grcwth  factors  attempt  to 
prxxnote  the  healing  of  the  wound  by  different  mechanisms.  Hyperoxic 
treatments  attempt  to  overooroe  the  detriroentcd  effects  of  tissue  hypoxia 
resulting  fron  impaired  blood  perfusion  by  increasing  the  extracellular 
production  of  collagen  and  thus  collagen  deposition  into  the  wound. 

Grcwth  factor  administration  attenpts  to  use  endogenous  chemical  mediators 
to  stimulate  heeding  by  promoting  the  grcwth  of  scar  and  vascular  tissue. 
Despite  research  supporting  the  value  of  these  interventions,  their 
relative  efficacy  in  treating  non-healing  wounds  has  not  been  precisely 
defined. 

Althou^  oxygen  and  growth  factors  have  been  shewn  to  alter 
neovascularization  and  collagen  deposition  in  wound  healing,  their 
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interactive  effects  have  not  been  examined.  Hie  purpose  of  this  study  is 
to  examine  fibroblast  infiltration  in  PVA  sponges  in  mice  ei^osed  to  a 
reduced  antoient  ojQ^en  pressure,  simulating  the  lew  tissue  oxygen  levels 
characteristically  found  in  non-healing  wounds.  Ihe  separate  and  ccanbined 
effects  of  hypoxic  e>qx)sures,  intermittent  hyperbaric  oxygen  ejqxjsures, 
and  ^idermal  growth  factor  (BGF)  on  fibrobleist  infiltration  will  be 
oenpared. 

Materials  and  Methods 

Animals:  Female  25-30  gm  mice  (CFl,  Harlan  Sprague  Dawley  Co,  Ind, 
MN)  were  used  in  all  eaperiments  to  adlcw  the  placement  of  multiple 
animals  in  a  single  cage  without  cannibalism.  The  mice  were  given  food 
and  water  ad  libitium  and  maintained  on  a  12  hr  li^t/12  hr  dark  cycle. 
During  the  ejperiment  the  animals  were  kept  in  29  x  19  x  13  cm  animal 
cages  viiich  were  placed  in  ventilated  clear  plastic  boxes  for  control  of 
atmospheric  gases.  Mice  were  anesthetized  prior  to  both  surgery  or  oxygen 
tension  measurement  using  a  subcutaneous  injection  of  ketamine  (50  mg/kg) 
and  xylazine  (20  rog/kg) .  Euthanasia  was  preceded  by  anesthetic  injection 
and  acccnplished  by  cervical  dislocation. 

Experimentcil  Model;  Polyvinyl  cilcchol  sponges  were  prepared  in  our 
laboratory  and  inplanted  in  animals  according  to  the  method  of  Fajarado 
(13)  as  briefly  described  in  the  following  section.  A  2  cm  surgical 
incision  is  made  in  the  left  hindquarter  of  the  mouse.  A  single  PVA 


3 


sponge  disc  is  surgically  inserted  into  the  subcutaneous  tissue  of  each 
mouse  contralateral  to  the  surgical  incision.  Ihe  sponge  is  13  mm  in 
diameter  by  1  nm  thick  and  is  covered  an  both  sides  of  the  disc  with  a 
millipore  filter  to  allcw  diffusion  of  extracellular  fluid  into  the  edges 
of  the  disc  without  cellular  infiltration.  The  sponge  remains  in  the 
animal  for  the  duration  of  the  eiqjeriment,  is  then  removed  surgically  and 
fixed  in  formalin.  The  sponge  is  sectioned,  stained  with  hematoxilyn  and 
eosin,  and  examined  by  morphometry.  This  curea  of  infiltration  of  the 
sponge  by  fibrciilasts  is  measured  by  cccputerized  planimetry  (TAS  Plus, 
Image  Analysis  System,  leicia,  Inc,  Rockaway,  New  Jersey) . 

Tissue  Oxygen  Meaisurement:  Subcutaneous  tissue  oxygen  tension 
measurements  were  sampled  to  confirm  that  tissue  oxygen  tensions  were 
altered  by  exposing  mice  to  hypoxic  or  hyperoxic  environments.  An 
implantable  Clark  t^pe  ocnibination  P02  needle  electrode  with  Ag/AgCl 
reference  electrode  (Diamond  Electro-Tech  Inc,  Ann  Arbor,  Michigan)  was 
used  to  measure  tissue  oxygen  tension.  Measurements  of  oxygen  tension 
derived  from  electrical  potentials  from  the  electrode  were  read  with  a 
Chemical  Microsensor  System  (Diamond  General  Corp,  Ann  Arbor,  Michigan) . 
These  electrodes  are  encased  in  a  syringe  vhich  is  inserted  through  the 
skin  into  the  subcutaneous  tissue  in  the  back  of  an  anesthetized  mouse. 
Readings  of  oxygen  tensions  were  taken  10  min  after  electrode  insertion  or 
the  animal  being  placed  in  a  different  atmosphere.  Readings  were  obtained 
frcm  5  cinimals  in  each  experimental  grotp  vhen  euposed  to  their  designated 
gas  environments. 
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Statistical  Analysis:  Results  were  anedyzed  by  the  two  way  Analysis 
of  Variance.  Probability  level  for  statistical  significance  was  set  at  p 
<  0.05. 

E>5)eriniental  Design:  Animals  were  divided  into  three  e}^)eriments  as 
illustrated  in  the  flew  diagram  in  Fig  1. 

Ejqjeriment  1  -  Effect  of  intermittent  hyperbaric  oxygen  eaqxjsures  on 
hypoxic  mice:  Ibis  experiment  investigated  the  effects  of  intermittent 
hyperbaric  oj^ngen  therapy  on  fibroblast  infiltration  into  PVA  sponges  in 
hypoxic  mice  exatpared  to  normoxic  controls.  Following  sponge 
iiiplantation,  mice  were  maintained  in  normoxic  conditions  (21%  oxygen)  for 
21  days  prior  to  the  exposure  to  the  hypoxic  (12%  oxygen)  condition  for  11 
days.  Ibis  eillcwed  the  inflammatory  reac:tion  of  the  mice  to  encapsulate 
and  vascelarize  the  sponge,  prior  to  the  ingrowth  of  fibrcblastic  tissue 
into  the  sponge.  Three  ejqperimental  treatments  within  Experiment  1  were 
prcjvided  (Fig.  1) : 

1)  Hypoxia  with  intermittent  hyperbaric  oxygen  eiposures, 

2)  Hypoxia  cLLone  with  sham  hyperbaric  dives, 

3)  Normoxia  with  sham  hyperbaric  dives. 

Animeils  were  sacnrificad  the  day  following  the  last  hyperbaric  chamber 
dive,  or  32  days  post  sponge  iriplantation. 

Hypoxic  Conditioning  Exposures:  To  lower  tissue  oxygen  tensions  to 
simulate  the  lew  oxygen  tensions  in  non-healing  wounds,  mice  were  placed 
in  a  hypoxic  environment.  Animals  were  exposed  to  a  hypoxic  atmosphere  of 
12%  oxygen  and  87%  nitrogen  (other  trace  atmospheric  gases  1%)  which  was 
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produced  by  blending  streams  of  nitrogen  and  ocnpressed  air  with 
flcwmeters.  This  blend  of  oxygen  defici^t  (hypoxic)  air  was  fed  (1 
I/min)  into  a  ventilated  clear  atmospheric  box  (18  x  18  x  18  an) 
containing  the  mice  in  their  standard  animal  cages.  Animals  in  the 
hypoxic  conditioning  grot^is  were  e^qxosed  to  nonnoxii-:  ambient  air  only  for 
routine  care  and  eaqjerimental  manipulation,  not  exceeding  0.5  hr/day.  Gas 
ccnposition  in  these  atmospheric  boxes  was  measured  daily  to  ensure  carton 
dioxide  levels  did  not  exceed  1%.  Monitoring  of  the  oxygen  pressures  in 
the  box  revealed  readings  of  78-83  ititnHg  (sli^tly  lower  than  the  91  mitiHg 
calculated  for  12%  oxygen  due  to  metabolic  consuirption  of  oxygen  by  the 
mice) . 

Intermittent  hyperbaric  oxygen  exposures:  F^peroxic  exposures  were 
administered  in  specieilly  constructed  cylindriccil  polyvinyl  chloride 
hyperbaric  chambers  (0.33  x  0.75  M) .  Medical  grade  oxygen  was  used  to 
pressurize  the  chambers.  Beth  ascent  and  descent  were  performed  at  a  rate 
of  50  kPa/min  vhich  is  a  rate  caiparable  to  those  used  for  human  ejqx5sures 
in  clinical  treatments  (14) .  No  unteward  effects  on  the  animals  were 
(±served  during  or  following  the  hyperbaric  exposures.  Chambers  were 
ventilated  continuously  at  a  rate  of  2  I/iiiin-  Animals  receiving  sham 
ej^xjsures  (cxantrols)  were  placed  in  chaaribers  ventilated  with  the  gas  to 
vhich  they  were  chrmically  e^qxDsed  (hypoxic  or  normoxic  air) .  The 
hyperbaric  ej^xDsures  were  administered  at  a  pressure  of  250  kPa  for  a 
duration  of  90  min  twice  daily  (b.i.d. )  over  an  initial  5  day  period 
followed  by  a  2  day  break,  and  then  for  an  additional  4  days  of  b.i.d. 
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hyperbaric  treatments  before  sacrifice  (the  2  day  break  was  designed  to 
simulate  the  weekend  treatment  breaks  experienced  during  human  hyperbaric 
treatments) .  Mice  received  a  totcil  of  18  dives  in  a  12  day  period. 

Experiment  2  -  BGF's  effect  in  hypoxically  conditicaied  mice:  Ihe 
period  of  hypoxic  ccanditioning  was  increased  to  determine  if  a  longer 
hypoxic  exposure  than  the  one  in  Experiment  1  would  affect  fibroblast 
infiltration  in  hypoxic  mice.  Mice  were  exposed  to  a  hypoxic  or  a 
normoxic  environment  for  7  days  prior  to  and  25  days  post  sponge 
inplantation  to  determine  the  effect  of  prolonged  eiposure  to  the  hypoxic 
environment  on  fibroblast  infiltraticm  (Fig  1) .  Hypoxic  exposures  were 
acconplished  as  described  in  experiment  1.  Vfe  examined  the  effect  of  EGF 
in  the  wounds  by  inplanting  half  of  the  mice  in  each  grotp  with  EGF 
inpregnated  PVA  sponges.  Ihe  EGF  was  incorporated  into  the  sponge  in  a 
slew  release  polymer  and  this  was  released  throui^out  the  cxxirse  of  the 
sponge  inplantation.  There  were  four  experimental  grotps: 

1)  Normoxia  with  EGF, 

2)  Normoxia  with  placebo, 

3)  Hypoxia  with  EGF, 

4)  Hypoxia  with  placebo. 

Epidermal  Growth  Factor:  Synthetically  produced  human  EGF,  fragment 
20-31,  was  purchcised  from  Sigma  Chemical  Corporation,  St.  Louis,  MO 
(#E-9384) .  This  EGF  possesses  the  same  biological  activity  as  EGF 
extracted  from  salivary  glands  (15) .  Prior  to  incorporation  in  the  sponge 
inplcint  the  EGF  vas  reconstituted  to  a  concentration  of  20  ug/ml  in 
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phosphate  buffered  Seiline.  E^iidennal  growth  factor  was  incorporated  into 
a  1.5  inm  diameter  central  core  section  of  the  ^x^nge.  Twenty  ng  of  BGF 
dissolved  in  phosphate  buffered  sciline,  was  absorbed  into  the  pellet, 
allowed  bo  dry,  and  then  the  pellet  was  coated  with  10  ul  of  a  5%  solution 
of  the  slow  release  polymer,  ethylene-vinyl  acetate  (Elvax,  DuPont) . 
Controls  (placebo  treatment)  had  20  ul  phosphate  buffered  saline  absorbed 
into  the  pellet,  allowed  to  dry,  and  then  coated  with  5%  Elvax. 

E>?)eriment  3  -  EGF  emd  fibrous  capsule  cirea:  This  experiment 
examined  the  ability  of  the  growth  factor  to  affect  the  size  of  the 
fibrous  capsule  surrounding  the  sponge.  To  make  it  easier  to  separate  the 
fibrous  tissue  attached  to  the  sponge  from  the  surrounding  connective 
tissue,  small  sponges  were  used.  Polyvinyl  alcohol  sponges  were  prepared 
in  an  identical  manner  to  the  ones  described  above  except  they  were 
approximately  1/3  the  diameter  (5  mm  in  diameter)  of  those  used  in  the 
previous  experiment.  TV^enty  ng  of  the  BGF  was  absorbed  into  the  entire 
sponge.  The  sponge  was  then  implanted  in  mice  maintained  in  a  normoxic 
atmosphere  for  15  days.  Both  the  area  of  fibroblast  infiltration  and  the 
area  of  fibrous  encapsulation  around  the  sponge  were  measured  by 
planimetry. 

Results 


Tissue  oxygen  tension  measurement:  Subcutaneous  tissue  oxygen 
tension  rose  in  mice  exposed  to  hi(^  eunbient  oxygen  pressures  and  fell  in 
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mice  esqx^sed  to  low  anfcient  oxygen  pressures.  Ten  min  after  mice  were 
taken  frcm  normoxic  oonditicxis  and  placed  in  a  hypoxic  environnent  the 
tissue  oxygen  tensions  fell  from  a  mean  of  34.8  +  1.7  mrriEig  to  17.4  +  1.7 
mnfig.  When  mice  were  oonditioned  to  a  hypoxic  envircraent  for  12  days 
they  ^owed  a  tissue  oxygen  tension  of  35.8  ±2.0  mrtiHg  10  min  after 
ejqxjsure  to  airbient  air  and  the  tension  fell  to  19.0  ±  1.4  mmHg  10  min 
after  being  returned  back  to  the  hypoxic  environment.  Mice  transferred  to 
a  100%  c»£ygen  envircHiment  showed  their  tissue  oxygen  tensions  to  rise  from 
34.6  ±  1.4  to  93.8  +  9.8  mmHg  10  min  after  transfer  to  100%  oxygen. 

Cellular  infiltration  of  the  sponge:  Fibroblasts  and  blood  vessels 
infiltrate  the  complex  trabeculae  of  the  sponge  after  inplantation  in 
ej^jerimentcLL  animals.  Inflammatory  cells,  leukocytes  and  macrc^^ges, 
advance  throu^  the  corplex  trabeculae  of  the  sponge  toward  the  center  and 
are  followed  by  an  ingrcwth  of  tissue  consisting  of  fibroblasts  and 
collagen  fibers.  Uiis  fibroblastic  tissue  infiltration  forms  a  ring  of 
tissue  vtiich  penetrates  throu^  the  free  edges  of  the  sponge  toward  the 
center  of  the  sponge.  Ihis  ring  of  tissue  advances  toward  the  center  of 
the  sponge  with  increasing  time  after  iitplantation  in  the  experimental 
animal.  Ihe  ring  of  fibroblastic  tissue  infiltrating  the  sponge  is  the 
region  measured  by  planimetry.  Surrounding  the  sponge  is  a  capsule  of 
fibrous  tissue  containing  blood  vessels. 

Experiment  1  -  Intermittent  hyperbaric  oxygen  exposures  effect  on 
hypoxic  mice:  Ihe  graph  in  Fig.  2  shows  the  extent  of  fibroblastic  tissue 
infiltration  into  the  sponge  32  days  after  inplantation.  Normoxic 
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controls  achieved  an  area  of  36.3  ±  3.2  nin2  infiltration  into  the  sponge. 
No  significant  differences  were  seen  in  the  area  of  fibroblastic 
infiltration  in  hypoxic  mice  (35.4  +  4.7  inm2)  ccnpared  to  normoxic 
controls  nor  between  hypoxic  mice  receiving  intermittent  hyperbaric  oxygen 
treatments  (34.7  +4.8  mm2)  and  the  normoxic  controls. 

Experiment  2  -  BGF's  effect  on  hypoxically  conditioned  mice;  VJhen 
the  sponges  were  removed  from  the  animals  25  days  after  inplantation,  the 
animals  treated  with  BGF  demonstrated  sli<^tly  increased  (NS)  areas  of 
fibroblcist  infiltration  corpared  to  placebo.  This  vras  true  both  in 
cinimeLls  conditioned  to  hypoxia  for  7  days  before  and  25  days  after  sponge 
implantation  (18.0  +  2.5  mm2  for  EGF  vs  24.2  +  2.5  inm2  for  placebo)  and 
normoxic  animals  (20.2  +  2.6  mm2  for  BGF  vs.  23.8  +  1.43  mm2  for  placebo) . 
Ihe  increase  was  consistent  in  both  hypoxic  and  normoxic  groups  but  the 
increase  was  not  significantly  different.  Mice  exposed  to  hypoxic 
conditioning  did  not  have  different  areas  of  fibroblast  infiltration  from 
normoxic  controls  either  in  the  EJGF  treated  or  the  placebo  group  (Fig  3) . 

Experiment  3  -  BGF  and  fibrous  encapsulation:  The  smaller  (5  nim2 
diameter)  BGF  treated  sponges  implanted  in  mice  exposed  to  normoxic 
conditions  had  a  sli^tly  greater  (NS)  area  of  fibrcAxlastic  tissue 
infiltration  than  the  placebo  group  (3.4  +  .2  mm2  for  BGF  vs  2.9  +  0.2  inm2 
for  placebo).  However,  BGF  administration  significantly  (p  <  0.05) 
increased  the  area  of  fibrous  encapsulation  around  the  sponge  (Fig  4) 
ccnpared  to  placebo  (13.0  +  2.4  mm2  for  BGF  vs  6.8  +  2.1  mm2  for  placebo) , 
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DiscussiOTi 


Usojig  the  ejqjerinentcil  mocSel  etiplpyed  in  this  staicfy,  hypoxic 
cxaiditiOTiing  did  not  change  the  area  of  fibroblast  infiltration  into  PVA 
sponges  ocnpared  to  normoxic  controls.  Althou^  systendc  hypoxia 
conditicHiing  reduced  mouse  subcutaneous  tissue  oxygen  tension  by 
approximately  one-half,  the  area  of  fibroblast  infiltration  into  FVA 
sponges  was  not  altered  when  cotpared  to  controls. 

Previous  esiperiments  have  revealed  low  tissue  oxygen  tensions,  such 
as  those  found  in  wounds,  can  have  both  stimulatory  and  inhibitory  effects 
on  amects  of  the  wound  heeding  process.  Reducing  the  mq^en  tension  in 
tissue  culture  media  from  20%  (160  mmHg)  to  2.5%  (40  mmHg)  dramatically 
increases  both  the  proliferative  rate  of  human  diploid  fibroblasts  in 
tissue  culture  and  their  proliferatory  response  to  EGF  and  platelet 
derived  growth  factor  (16) .  Intermittent  exposure  of  rats  to  severe 
systemic  hypoxia  increased  collagen  d^xjsition  in  experimentally  produced 
granulation  tissue  (17) .  Ihe  previously  mentioned  experiments  provide 
evidence  for  hypoxia  as  stimulants  of  aspects  of  the  wound  healing 
process,  but  other  studies  shew  hi^  oxygen  tensions  are  necessary  for  and 
can  stimulate  wound  heeding,  while  lew  oxygen  tensions  inhibit  wound 
repair.  The  closure  of  wounds  and  the  formation  of  scar  tissue  involve 
oxygen  d^jendent  processes.  Ihe  secretion  of  collagen  by  fibrcblasts  into 
the  extracellular  matrix  requires  oxygen-d^jendent  enzymatic  hydroxylation 
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of  the  intracellular  precursor  of  collagen,  procollagen  (18) .  Ihe  rate  of 
this  hydroxylation  and  subsequent  collagen  production  and  secretion  by  the 
fibroblast  is  inhibited  by  low  oxygen  tensioTs  and  favored  by  hi^  oxygen 
tensions  (19) .  In  fact,  the  optimal  ojq^en  tension  for  collagen 
production  by  trcuisformed  mouse  fibroblasts  was  found  to  be  80  itiinKg  (20) . 
lowering  the  oxygen  tension  can  inhibit  wound  healing.  For  exanple, 
chronic  exposure  of  rats  to  hypoxic  air  decreased  wound  closure  rate  of 
full  thickness  skin  wounds  (5) .  CJollagen  d^)osition  into  cellulose 
sponges  in  rats  was  found  to  be  inhibited  by  hypoxic  air  and  increased  by 
hyperoxic  air  (6) .  The  differing  data  found  in  the  literature  ^cw  that 
lowering  the  tissue  oxygen  tension  may  have  radically  different  effects  on 
this  cispect  of  the  wound  healing  process. 

A  possible  explanation  for  these  conflicting  results  may  be  related 
to  difficulties  in  actually  determining  the  nature  of  the  cellular 
microenvironment  of  cells  and  their  c^imal  oxygen  environment.  Lew 
oxygen  tensions  may  be  required  to  activate  certain  cells  in  the  wound 
healing  process,  vhile  the  function  of  other  cells  may  be  irpaired  by  low 
oxygen  tensions.  As  shewn  in  the  wound  healing  module  (12) ,  there  are 
zones  of  actively  metabolizing  tissue  vhich  consume  oxygen  in  regions  of 
variable  vascularity  due  to  eireas  of  intense  angiogenesis.  This  creates 
several  zones  in  the  wound  healing  module  where  there  are  widely  varying 
oxygen  tensions  due  to  varying  metabolic  rates  and  varying  amounts  of 
blood  perfusion.  It  is  therefore  difficult  to  determine  the  exact  oxygen 
level  to  vhich  cells  involved  in  the  wound  healing  process  are  ejgxjsed  and 
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thus  predict  cjptimal  ojQ^en  tensions  for  function  of  these  cells. 

Non-healing  of  human  wounds  is  often  associated  with  low  oxygen 
tension  in  the  area  of  the  wound.  This  low  tissue  oxygen  tension  may  be  a 
consequence  of  inadequate  blood  perfusion,  vhich  results  in  inpaired  oxygen 
delivery  to  the  tissue  and  thus  low  tissue  oxygen  tensions,  or  the  low 
oiQ^en  tension  may  itself  be  the  prinary  factor  responsible  for  failure  of 
the  wound  to  head.  Whether  impaired  closure  of  wounds  is  primarily  due  to 
inadequate  perfusion  or  to  lew  tissue  oxygen  tension,  there  is  definitely 
an  association  of  lew  oxygen  tension  with  impaired  closure  of  human  wounds 
(21) .  In  this  study  we  suspect  that  systemically  induced  hypoxia  did  not 
reduce  tissue  oxygen  tensions  to  a  level  ccnparable  to  that  seen  in  human 
patients  with  non-healing  wounds.  Humans  with  non-healing  wounds  may  have 
tissue  oxygen  tensions  as  lew  as  5-10  luriHg  (22)  vAiereas  we  were  only  able 
to  reduce  tissue  oxygen  tension  to  the  15-20  mmHg  range  by  reducing  ambient 
oxygen  pressure.  It  may  be  that  in  tissue  with  adequate  blood  perfusion 
the  lewering  of  tissue  oxygen  tension  has  little  effect  on  the  extent  of 
fibroblast  infiltration  into  the  PVA  sponge  or  other  aspects  of  the  wound 
healing  process. 

Human  patients  with  non-healing  wounds  often  undergo  hyperbaric  oxygen 
therapy  in  an  effort  to  correct  the  tissue  hypoxia  in  the  area  of  the  wound 
and  thus  promote  healing  (23) .  We  did  not  find  an  effect  of  intermittent 
hyperbaric  oxygen  on  the  rate  of  fibroblast  infiltration  into  PVA  sponges 
of  hypoxically  conditioned  mice.  This  can  be  explained  because  the 
systemic  hypoxia  did  not  produce  a  decrement  in  fibroblast  infiltration. 
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Hyperbaric  oxygen  therc^jy  is  generally  enployed  to  correct  the  detrimental 
effect  of  the  tissue  hypoxia  eind  not  used  to  stimulate  the  normal  healing 
process  (14) .  Hie  intermittent  hyperbaric  oxygen  ejposures  most  li)cely  did 
not  affect  fibroblast  infiltraticxi  in  this  study  because  the  tissue  oxygen 
levels  were  not  limiting  the  extent  of  fibroblast  infiltration  in  this 
experimental  model,  and  thus  there  was  no  need  for  correction  of  the  tissue 
hypoxia.  Although  no  effect  of  intermittent  hyperbaric  oxygen  was  seen  in 
this  study,  it  is  quite  possible  that  intermittent  hyperbaric  oxygen 
exposures  may  have  other  effects  on  the  wound  healing  process,  such  as 
affecting  the  density  of  fibrobleistic  growth  or  the  amount  of  collagen 
deposition  in  wounds. 

Epidermal  growth  factor  increased  the  rate  of  fibroblast  infiltration 
into  and  the  curea  of  fibrous  encapsulation  around  the  PVA  sponge  model.  The 
effects  of  the  BGF  on  fibroblast  infiltration  were  seen  in  mice  maintained 
in  both  hypoxic  and  normoxic  environments.  Conditioning  of  the  animals  to  a 
hypoxic  environment  did  not  alter  the  effect  of  the  EGF  on  fibroblast 
infiltration  into  the  sponge. 

Epidermcil  growth  factor's  effect  on  fibroblast  infiltration  and 
encapsulation  of  the  sponge  may  be  related  to  its  stimulatory  effect  on 
cells  in  the  wound  heeiling  process.  In  tissue  culture,  EGF  stimulates 
fibroblast  proliferation  as  well  as  migration  and  proliferation  of  epidermal 
cells  (24) .  Epidermal  growth  factor  has  also  been  shew  to  increase  the  rate 
of  ^ithelization  in  split  thickness  skin  wounds  of  humans  (9) .  Epidermal 
growth  factor  ^plied  in  a  slow  release  polymer  in  this  study  may  have 
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stimilated  the  divisicffi  of  fibroblasts  ;(Aiich  promoted  their  migration 
throu^  the  trabeculae  of  the  FVA  sponge.  Ihese  cellular  effects  of  BGF  on 
fibroblcists  resulted  in  ein  increased  extent  of  fibroblast  infiltration  into 
the  sponge.  Ihis  increase  by  BGF  on  fibroblast  infiltration  into  PVA 
spcxiges  has  been  noted  previously  in  this  FVA  ^»nge  model  (25)  and  others 
(8). 

In  this  study,  the  chronic  systemic  hypoxia  did  not  alter  EGF's  effect 
on  fibroblast  infiltration.  The  stimulation  of  the  wound  heeiling  process  by 
BGF  may  have  increaised  the  metabolic  oonsuirption  of  oxygen  by  cells,  thus 
removing  available  oxygen  and  making  the  tissue  more  hypoxic  at  the  wound 
site.  Lowered  oxygen  tensions  did  not  limit  the  extent  of  fibroblast 
infiltration  at  the  level  of  stimulation  of  fibrchlast  infiltration  we 
achieved  with  BGF  . 

Ihe  fact  that  BGF  had  a  more  dramatic  e..fect  on  the  size  of  the  fibrous 
capsule  than  of  the  infiltration  of  fibroblastic  tissue  into  the  sponge  may 
relate  bo  the  encapsulation  of  the  sponge  being  a  more  valid  indicator  of 
stimulation  or  inhibition  of  wound  healing  by  experimental  treatments.  This 
reinforces  previous  studies  vhich  have  suggested  a  need  for  modification  of 
PVA  sponge  models  (26)  to  incorporate  the  examination  of  parameters  besides 
infiltration  into  the  sponge.  Ihe  cirea  of  encapsulation  around  PVA  sponge 
implants  has  not  been  examined  previously  because  it  is  difficult  to 
objectively  and  accurately  dissect  the  fibrous  capsule  around  the  sponge 
from  the  surrounding  tissue.  New  experimental  technigues  enploying  PVA 
sponges  encased  in  Gore-Tex  tubing  eliminate  this  difficulty  (27)  and  may 
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provide  a  itiore  reliable  and  consistent  technique  for  examining  the  response 
of  experimental  animals  to  PVA  sponge  iitplantation. 

The  results  of  this  study  do  not  support  the  use  of  either 
intermittent  hyperbaric  osQ^en  or  grcwth  factors  as  agents  which  nd^t 
increcise  the  rate  of  fibroblast  infiltration  in  this  e>^)erimental  model  of 
wound  heeding.  It  is  quite  possible  both  intermittent  hyperbaric  oxygen 
exposures  and  EGF  may  be  effective  in  increasing  fibroblast  infiltration 
in  hypoxic  wounds.  More  severe  hypoxic  conditions  than  those  created  in 
our  experimental  model  may  be  required  to  fully  determine  the  role  of 
hyperbeuric  oxygen  treatments  in  severely  hypoxic  wounds.  Epidermal  growth 
factor's  increcise  of  the  area  of  the  fibrous  capsule  around  the  PVA  sponge 
supports  it's  stimulatory  effect  on  connective  tissue  grewth  in  this 
ej^jerinental  model.  New  experimental  techniques  and  examination  of  other 
aspects  of  the  wound  healing  process  are  needed  to  provide  more  definitive 
information  concerning  the  vedue  of  growth  factor  administration  and 
hyperbeuric  oxygen  treatments  in  the  resolution  of  hypoxic  wounds. 
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Legends 


Fig.  1  Flow  diagram  of  the  experimental  design. 

Fig.  2  Effect  of  hypoxia  (12%  oxygen)  on  fibroblast  infiltration  into  FVA 
sponges.  Hypoxic  and  hyperoxic  exposures  were  administered  between  21-32 
days  after  sponge  implantation.  Sponges  were  harvested  32  days  after 
irrplantation.  Vertical  bars  represent  the  mean  +  SE.  Groups  are  not 
significantly  different.  Values  r^resent  mean  +  SE  (n  =  6-7) . 

Fig.  3  Effect  of  BGF  on  fibroblast  infiltration  into  EVA  sponges 
irrplanted  in  animals  in  hypoxic  (12%  oxygen)  and  normoxic  (21%  oxygen) 
environments.  Animals  were  exposed  to  the  hypoxia  for  7  days  prior  to  and 
25  days  after  sponge  implantation.  Sponges  were  harvested  25  days  after 
implantation.  Veilues  r^resent  mean  +  SE  (n  =  6-14) . 

Fig.  4  Effect  of  BGF  on  fibrous  infiltration  and  ericapsulation  of  5  mm 
diameter  EVA  sponge.  Sponges  were  harvested  15  days  after  implantation. 
Ihe  area  of  tissue  infiltrating  the  sponge  was  measured  as  well  as  the 
total  area  around  the  sponge  encapsulated  by  fibrous  tissue.  The  area  of 
encapsulation  of  the  BGF  treated  sponges  were  significaintly  different  from 
placebo  (p  <  0.05) .  Veilues  represent  mean  +  SE  (n  =  7) . 
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